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Abstract 
The production sector of molds and dies is under a continuous pressure for process optimization due the high lead time required for 
the production of complex tools. In recent years, to improve this sector, numerous studies have been aimed at optimization of the 
CAD/CAM/CNC chain. However, despite recent technological innovations such as development of cutting tools, machine tools, 
and process simulation systems, the machining step still represents a major bottleneck in this process. The current generation of 
Numerical Control (NC) programs that represents the tool path do not consider the dynamic characteristics of the machine tool in 
the decision-making process to choose the most appropriate cutting strategies, resulting in NC programs that do not reach levels of 
excellence. The main objective of this paper is to present the development of a reference index based on the dynamic characteristics 
of the Machine Tool to support the NC programming with a commercial CAM system. This index considers the Machine Response 
Time (MRT) of NC controller, the acceleration and deceleration on the axes of the machine tool and the tool path segment (size and 
inclination). The index makes possible an experimental evaluation of relationships between the programmed feed rate for the tool 
path and dynamic performance due to movements of the machine axes, thus becoming an important decision-making factor in 
choosing the best machining strategy and consequently a better plan of the production process in die and mold industries. 
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1. Introduction 
The reduction of products  lifecycles associated with 
increased diversity in the aircraft industry, surgical 
prostheses, components with optical characteristics, 
automotive and electronics industries, and others, makes 
aesthetic, functional, and quality requirements decisive 
factors for meeting needs and expectations. To meet 
these requirements, sculptured surfaces are increasingly 
used on the geometric representation of these products 
13]. 
However, the application of this geometric 
representation results in new limitations for the 
manufacturing process, both in relationship to machining 
time and in terms of geometric quality. Faced with these 
limitations, new manufacturing processes for sculptured 
surfaces must be developed to increase the efficiency of 
the machining process and also to reduce its costs. 
1.1. CAD/CAM/CNC Chain 
Among the consolidated manufacturing processes of 
sculptured surfaces, highlights are the use of 3 and 5 
Axis machine tools [4, 5], in which the tool path is 
determined by CAD/CAM systems, as shown in Fig. 1. 
From the geometric representation of the product 
developed in a CAD system, the CAM system will 
calculate the tool path, based on planning process 
information that involves characteristics of the machine 
tool, the cutting tool geometry, machining parameters, 
machining strategies, and methods of tool path 
interpolation [6, 7].  
At this point, the tool path is represented by 
coordinates of line segments (Linear Interpolation) in the 
Cartesian space (CLDATA format) [8], which can be 
easily graphically simulated and changed within the 
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CAM system to identify an optimized manufacturing 
process without collisions. 
Machine Tool
Cutting Tool
Clamping Devices
Cutting Parameters
Cutting Strategies
Tool Path Interpolation
Product Design CAD System
3D Geometric
Model
CAM System
NC Program
(Cutter Location Data File CLDATA)
Postprocessor
Specific NC
Program
Numerical Control/ Machine Tool
CAD/CAM
PROGRAMMING
Simulation of Collisions and Theorical
Machine Time
 
Fig. 1: Tool path generation through a CAD/CAM system [8] 
Due to the variety of geometries found in products 
represented by sculptured surfaces (flat regions, sloping, 
concave, convex, and walls), the choice of machining 
strategy during the planning process is a determining 
factor in creating an optimized manufacturing process 
[1, 5 - 8]. 
After determining the optimized manufacturing 
process, the post-processor of the CAM system converts 
the tool path into a numerical language understood by 
the CNC machine tool (ISO 6983) [1, 9]. 
However, during the validation of the manufacturing 
process obtained in CAM system related to the real 
manufacturing process, divergences may be found, 
specially related to machining time. This occurs because 
the motion simulation module of CAM systems do not 
consider the dynamic characteristics of machine tools, 
such as acceleration and deceleration curves, numerical 
control response time, and vibration behavior and their 
interaction with the tool path characteristics [7, 9 - 11]. 
In the manufacturing process of sculptured surfaces, 
which is characterized by an increase in dynamic 
requirements of machine tools and greater segmentation 
of tool path, the divergence between the real 
manufacturing process and simulated manufacturing 
process intensifies to the point of making it impossible 
to determine the optimized manufacturing process 
directly from a CAM system. Furthermore, these 
characteristics of the manufacturing process of 
sculptured surfaces generate limitations related to 
geometrical accuracy, surface quality, and machining 
time [10 - 12]. 
Lartigue et al. [10] discuss the influence of tool path 
represented by line segments (Linear Interpolation) as an 
important factor for changing the dynamic behavior of 
the machine tool because discontinuity generated at the 
junctions of the segments decreases significantly the 
feedrates. 
This feedrate variation, which is observed as a 
function of the dynamic characteristics of motion of the 
tool path geometry, is not taken into account in 
determining the machining time for CAM systems, 
because these systems are just tools that allow 
movements programming without a complete 
visualization of the dynamic behavior of machine tool 
and the strategies that are applied to minimize these 
effects. 
The machining time indicator of CAM systems, 
called in this article Machining Time CAM (MTCAM), is 
determined by the sum of the journeys made with rapid 
feedrate (displacements of approach and retreat - G0) 
and of the journeys made with programmed feedrate 
(cutting moves - G1), as illustrated in Eq. (1). 
ൌ Ͳ
Ͳ
൅ ͳ  ͸Ͳ 
   (1) 
where FG0 is the rapid feedrate and F is the 
programmed feedrate. 
1.2. Dynamic Behavior of Machine Tool 
The dynamic behavior factors of machine tools have 
been widely studied in recent years by authors all over 
the world. 
According to Andolfatto et al. [7], there are many 
error sources in the manufacturing process of sculptured 
surfaces. This is because of the application of tolerances 
at every stage from geometric modeling in a CAD 
system to the product machined on a CNC machine. 
Altintas et al. [13], Cano et al. [14], and Schmitz et al. 
[15] found that when programmed feedrate and actual 
speed increases, as is usual during the manufacturing 
process of sculptured surfaces at high speed, requests of 
the dynamic structure become large due to acceleration 
of different parts of the machine. This may result in 
changes in machine geometry, thereby causing errors in 
position and orientation of the tool. 
The main dynamics problems discussed by Lavernhe 
et al. [9], Abbaszadeh et al. [16], and Zargarbashi and 
Mayer [17] are errors that arise from the programmed 
feedrate and the result of a structural deflection of the 
machine during acceleration and deceleration of its axes. 
The machine structure suffers from movement errors in 
each axis that cause errors in the position and orientation 
of the tool. 
Arnone [18] discusses this same issue relating the 
Machine Response Time (MRT) and the size of the line 
segment of the tool path, as shown in Eq. (2). 
ൌ  ͸Ͳ      (2) 
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According to Schützer, Stroh and Abele [12], and 
Heo et al. [19], in addition to the size of the line
segment, another factor is the limitation of feedrate
depending on variations of acceleration due to the
inclination angle between the line segments, as can be
seen in Fig. 2.
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Fig. 2: Profile of feedrate in an NC program [19]
Studies from Arnone [18] and Heo et al. [19], 
addressing different dynamic characteristics, claim that 
an NC program generated to represent a surface has
many small segments with many inclinations between
them. This can represent a huge amount of information
to be processed in a CNC machine in a short time. The
result is that the machine will reduce the feedrate to 
manage all the necessary information.
Thus, the goal of this paper is to analyze three key 
factors that have significant influence in the
manufacturing process of sculptured surfaces: the MRT, 
the acceleration and deceleration curves, and inclinations
between line segments.
These factors will be evaluated experimentally to 
demonstrate their relationship with the programmed 
feedrate. This will contribute to development of a
Dynamic Performance Index (DPI) based on information
from the machine tool, CNC, and cutting strategy for
evaluating the tool path before the generation of the NC 
program.
This index will enable quantitative evaluation of the 
actual conditions of Linear Interpolation utilization, thus 
allowing optimization of the tool path and calculation of 
an approximate machining time closer to real machining 
time, and making choosing the best cutting strategy for 
the CAM system possible.
2. Methods
The work piece (see Fig. 3) used for experimental
tests has the following dimensions: width = 50 mm;
length = 50 mm; maximum height = 44.4 mm; and
minimum height = 25 mm.
This work piece allow the implementation of five
different cutting strategies (Follow Periphery On Plane, 
Follow Periphery On Part, Zig Zag On Plane, Zig Zag 
On Part and Radial Lines), as shown in Fig. 3, that 
provide results to be better evaluated through the use of 
proposed index called DPI.
Follow Periphery On Plane
Zig Zag On Plane
Zig Zag On Part
Radial Lines
Follow Periphery On Part
Fig. 3: Work piece and Cutting Strategies for Finishing Operations
Experimental tests were performed on a vertical
machining center, Model Discovery 760, manufactured 
by Romi Industries S.A. and equipped with Siemens 
810D Control.
The same technological parameters were programmed 
into the CAM system for all studied strategies, as
described in Tab. 1.
Table 1: Technological Parameters
Cutting Tool Ball Nose Ø6mm - 2 flutes
Spindle 1000 rpm
Depth per cut (ap) 0.2 mm
Stepover (ae) 0.5 mm
Number of Workpieces* 15
* Tests were performed with empty movements on machine tool.
Three different feedrates (F) were used to observe the 
dynamic behavior in different situations for each 
strategy, with 1,000; 3,000; and 5,000 mm/min.
Then, the procedures to determine the MRT of a
machine tool were defined. This consists of an indirect
method of measurement, in which several NC programs
are generated to perform the trajectory of a circle with a 
radius of 50 mm represented with equal segments sizes
in the 3 programmable axes (XYZ) of the machine, as 
shown in the example of Fig. 4.
Running of
NC Program
N13 G0 G01 X0. Y0. Z0. 
N14 G01 X0. Y0 Z0 F5000
N15 X0.1 Y0.1 Z0.1 
N16 X0.2 Y0.2 Z0.2
N17 X0.3 Y0.3 Z0.3
N18 X0.4 Y0.4 Z0.4
.....
N212 X19.8 Y19.8 Z19.8
N213 X19.9 Y19.9 Z19.9
N214 X20.0 Y20.0 Z20.0
N215 M30
CNC
NC Program
Real Feedrate (FR)
Calculation of resulting
line segment from 0.1
mm moves at X, Y 
and Z axis.Programmed 
Line Segment (  S)
S =
S =
S = 17320.  mm
Fig. 4: Procedure to determine MRT
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The segment size is determined by Eq. 2, and 
considering a feedrate of 5,000 mm/min, the following 
programs were created according to Tab. 2. 
Table 2: NC Programs to MRT definition 
Program_01: MRT=0.005s Segment Size = 0.417 mm 
Program_02: MRT=0.006s Segment Size = 0.500 mm 
Program_03: MRT=0.007s Segment Size = 0.583 mm 
Program_04: MRT=0.008s Segment Size = 0.667 mm 
Program_05: MRT=0.009s Segment Size = 0.750 mm 
Program_06: MRT=0.010s Segment Size = 0.833 mm 
Program_07: MRT=0.011s Segment Size = 0.917 mm 
Program_08: MRT=0.012s Segment Size = 1.000 mm 
 
Each program is executed on the machine and the real 
machine time is compared to the theoretical machine 
time. Thus, the MRT is determined at the moment the 
real machine time is greater than the theoretical time, ie, 
the segment size is influencing directly on the reduction 
of feedrate during the execution of the NC program. 
Finally, repetitive motion control polygons with 
known inclinations (see Fig. 5) were performed to define 
the dynamic characteristics of acceleration, deceleration, 
and inclination between line segments. 
(a) Equilateral Hexagon (b) Equilateral Octagon
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P0 P1
P2
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P4P5
P6
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Fig. 5: Examples of control polygons used in experiments 
3. Dynamic Performance Index Development 
The mathematical development to determine the DPI 
index starts from the dynamic characteristics of Machine 
Response Time (MRT) as defined by Eq. (2). 
After obtaining the MRT, the value of the Real 
Feedrate (FR) generated for each segment in the CAM 
system can be determined as defined by Eq. (3). 
ൌ
͸Ͳ
 
     (3) 
Then, considering the dynamic effects of inclination 
between line segments, acceleration, and deceleration 
curves of the machine, and relating the MTCAM, defined 
in Eq. (1), substituting the value of programmed feedrate 
(F) with the Real (FR) calculated by Eq. (3), the variable 
Approximate Machining Time (MTAp) is defined, 
according to Eq. (4). 
ൌ Ͳ
Ͳ
൅ ͳ  ͸Ͳ ൅ ൅
  (4) 
where tad is the sum of acceleration and deceleration 
time and tinc is the sum of inclination between line 
segments.  
The values of tad and tinc were obtained based on 
repetitive tests in each axis of the machine tool using the 
profile described on Fig. 5. 
With the information obtained for MTCAM [Eq. (1)], 
MTAp [Eq. (4)], and with Real Machining Time (MTR)a, 
it is possible to develop two new equations: Performance 
Index of CAM (PICAM), shown in Eq. (5), and Dynamic 
Performance Index (DPI), calculated by Eq. (6). 
ൌ  ͳͲͲ 
    (5) 
ൌ  ͳͲͲ 
    (6) 
These indexes represent the validation of the 
proposed objective, since the PICAM will present the error 
in the estimated time of the CAM system and DPI will 
demonstrate the error in the estimated time proposed by 
Eq. (4) that considers the dynamic factors studied. 
4. Experimental Results 
Initially, based on the procedure for determining the 
MRT and knowing the values of segment size and real 
feedrate, according to Eq. 2, the value of MRT was 
found to be 10.9 ms. 
After that, the graphs of Fig. 6 show the dynamic 
limits of the machine tool for each speed range 
compared to the size of the segment. This was done 
based on the CLDATA file of each cutting strategy 
applied to the work piece to obtain the size of each 
segment of the tool path calculated by the CAM system, 
and also was based on information from the programmed 
feedrate and MRT calculated in Eq. (2). 
It can be seen in Fig. 6 (a) and (b) that there is a wide 
variation in the number of segments generated when 
changing the cutting strategy, which may be "On Plane" 
(cutting strategy in relationship to the projection of 
curvature in predefined planes) or "On Part" (cutting 
strategy from each point of the curvature). 
In Fig. 6(a), for example, it is noted that for the 
strategy "On Plane" 1856 segments were generated, 
while for the strategy "On Part" almost 4 times more 
segments, totaling 7101, were generated. The same can 
be seen in Fig. 6(b), whereas for the strategy "On Plane" 
 
 
a Real Machining Time (MTR) was obtained by storing data 
with the creation of a buffer using so-
(synchronous functions) of the machine tool. 
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were generated 2188 segments, while for the strategy 
"On Part" 2.5 times more segments, totaling 5674 
segments, were generated. 
 
(a) 
 
 
(b) 
 
 
(c) 
Fig. 6: Segment size versus Dynamic Feed Limits 
(a) Follow Periphery; (b) Zig Zag; and (c) Radial Lines. 
Fig. 6 also shows the number of segments that will 
have dynamic influence according to the range of 
programmed feedrate. E.g., in Fig. 6(c) it is noted that a 
large number of generated segments only have some 
influence over the dynamic machining process if the 
programmed feedrate exceeds 3,000 mm/min. 
Table 3 shows the values, in percentages, of the 
number of segments that will influence the dynamic 
behavior of the machine tool considering MRT factor. 
This influence results in a real feedrate lower than the 
programmed feedrate during the machining process. 
In addition to the MRT factor, other dynamic 
parameters found through the experiments and 
represented by equations described throughout this paper 
are shown in Tab. 4 to compare the data of each strategy. 
The data in Tab. 4 provide important information that 
proves the efficiency of considering dynamic 
information of the machine tool, even before finalizing 
the programming process of manufacturing a product in 
a CAM system 
Table 3: Influence of MRT factor on cutting strategies 
Cutting 
Strategies 
Programmed 
Feedrate 
(mm/min) 
Number of 
Segments 
% of Segments 
with MRT 
Influence 
Follow 
Periphery 
On Plane 
1000 
3000 
5000 
1856 
4.4 % 
82.4 % 
96.2 % 
Follow 
Periphery 
On Part 
1000 
3000 
5000 
7101 
80.6 % 
99.4 % 
99.9 % 
Zig Zag 
On Plane 
1000 
3000 
5000 
2188 
4.1 % 
85.8 % 
94.8 % 
Zig Zag 
On Part 
1000 
3000 
5000 
5674 
73.3 % 
98.5 % 
99.7 % 
Radial 
Lines 
1000 
3000 
5000 
4200 
3.2 % 
80.5 % 
94.9 % 
Table 4: Validation of DPI 
Cutting 
Strategies 
Feedrate 
(mm/min) 
MTCAM 
(s) 
MTR 
(s) 
MTAP 
(s) PICAM DPI 
Follow 
Periphery On
Plane 
1000 
3000 
5000 
48.2 
16.1 
9.6 
50 
26 
25 
52.4 
24.9 
23 
3.6% 
38.2% 
61.4% 
-4.8% 
4.3% 
8% 
Follow 
Periphery On
Part 
1000 
3000 
5000 
56.6 
18.9 
11.3 
101 
95 
95 
90.8 
80 
79.7 
43.9% 
80.1% 
88.1% 
10.1% 
15.8% 
16.1% 
Zig Zag On 
Plane 
1000 
3000 
5000 
52 
17.3 
10.4 
55 
29 
27 
57.5 
27.7 
25.8 
5.4% 
40.2% 
61.5% 
-4.6% 
4.4% 
4.4% 
Zig Zag On 
Part 
1000 
3000 
5000 
55 
18.3 
11 
82 
76 
76 
78.2 
64.7 
63.9 
33% 
75.9% 
85.5% 
4.6% 
14.9% 
15.9% 
Radial Lines 
1000 
3000 
5000 
109.8 
36.6 
22 
114 
55 
54 
115.9 
52.4 
48.7 
3.7% 
33.5% 
59.3% 
-1.7% 
4.7% 
9.8% 
 
Finally, Fig. 7 compares all strategies used for these 
experiments with F=5,000 mm/min. This feedrate range 
was chosen to represent the data of Tab. 4 because it is 
in this range of tests that the greatest variations among 
the indicators were found. 
In the strategy Follow Periphery On Plane, for 
example, the PICAM showed an error of 61.4% from 
MTCAM relative to the MTR. However, when considering 
all the dynamic characteristics of machine tool studied in 
this paper, the value error found with DPI was only 8%. 
It is possible to observe in all other strategies, for any set 
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feedrate, that the DPI always presents a value smaller 
than the PICAM. 
 
Fig. 7: Comparison of Performance Indicators 
5. Conclusions 
The variation of the feedrate, observed in the studied 
cases, can have a negative influence on machining time, 
resulting in a technological limitation in the 
manufacturing of sculptured surfaces with high speeds. 
Thus, it was concluded that considering the dynamic 
characteristics of machine tools during the programming 
process of manufacturing is critical in the planning phase 
of the production process. In all cases, with different 
strategies and programmed feedrates, it was possible to 
see significant differences between the machining time 
of the CAM system and the machining time estimated by 
the proposed index. For all strategies studied, the 
average error of estimated time found with DPI was only 
8.3%, while on the CAM system, the average error was 
47.5%. 
With this index to aid CAM systems, the programmer 
will be able to better understand the real machining 
conditions, providing important information to the 
company to better manage the machining time and costs 
involved in manufacturing of the product. 
During this work, parameters related to machining 
time were studied and tested in order to find a standard 
procedure for its determination. In this search, a 
spreadsheet in Excel software was created to validate the 
information obtained from tests, but the inclusion of all 
information was done manually, so, the main suggestion 
for future work is the development of an automated 
system for entering information to allow testing on 
different machines, different strategies, other types of 
tool path interpolation and even in real cases of 
industrial manufacturing molds and dies. This system 
should be developed to be integrated directly with 
commercial CAM systems. 
 that machining time is one objective factor 
to improve the manufacturing of sculptured surfaces but 
it has to be combined to other factors. Thus, another 
suggestion to other works related to this paper is to study 
in more details the influence of feedrate variation on 
surface quality. 
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